SUMMARY Rapid, selfpaced and selfterminated elbow flexion movements were studied in a group of 10 patients with dystonia affecting the arms. The movements were slower and for small amplitude movements, more variable than those recorded in normal subjects. The duration of the first agonist burst was prolonged, even when compared with normal subjects deliberately moving slowly. Cocontraction of agonist and antagonist muscles during ballistic movements was common and may contribute to the bradykinesia. These findings are compared with similar studies of other diseases of the motor system. Unlike many other conditions which also reduce the speed of ballistic voluntary movements, the patients with dystonia in the present study showed a normal symmetry of acceleration and deceleration times. One interpretation of this finding is that aspects of the basic motor programmes are relatively preserved in this condition and account for the surprising retention of motor skills shown by some patients with dystonia.
The abnormal patterns of muscle activation that produce dystonic limb postures in patients with torsion dystonia are usually worse during voluntary movement." Indeed, in its early stages dystonia may be evident only during certain actions such as walking or hand writing. Muscle spasms, jerks and cocontraction of agonist and antagonist muscles distort the limb posture and interrupt the intended sequence of movement. Despite these problems, surprising degrees of motor skill are often retained by patients with advanced torsion dystonia. For example, they may demonstrate great proficiency in the use of hand held communicators, manually operating tools, or as in the case of two of our patients, become accurate marksmen. 4 It is therefore of some interest to examine the performance of simple motor tasks in patients with upper limb dystonia and the extent to which the above abnormal patterns ofmuscle activity interfere with the normal simple ballistic movement EMG pattern. Rapid, self-paced and self-terminated movements at a single joint are achieved by a triphasic pattern of
Patients and methods
The patients comprised three females and seven males, aged 15 to 79 (mean age 47), all of whom had dystonia affecting one or both upper limbs. Nine patients had primary (idiopathic) torsion dystonia; three of these had segmental dystonia affecting the neck and arms, five had generalised dystonia and one had focal dystonia of an arm. The remaining patient had symptomatic hemidystonia due to an arteriovenous malformation of the contralateral basal ganglia. Six patients were receiving medication (clonazepam, baclofen, benzhexol) at the time ofthe study. All patients and normal subjects gave informed consent for the studies which were approved by the local ethical committee.
Elbow flexion movements were examined with the subjects seated in a chair and their arm abducted to 90°. The Each single trial was inspected on the computer display unit. The amplitude, peak velocity of movement and the duration of the first agonist (biceps) EMG burst were measured. The first agonist EMG burst in normal subjects was relatively well defined with clear onset and offset. However, in some patients this was not the case. The duration of the first agonist EMG burst was often difficult to measure since the point at which it terminated was poorly defined. In these patients, the criterion for determining the end of the agonist burst was that the EMG should decline to less than 10% of the peaksize for at least 20 msec. This decrease was expected before the peak velocity ofmovement. If the first burst of EMG activity continued for more than 50 msec after the peak velocity for any individual movement, then the burst was said to be 'tonic' and not to have a measurable duration. The first antagonist EMG burst was not analysed in these trials. The duration of the movement was measured from the velocity trace and was defined as the time between the onset to the first zero crossing. Movement time was divided into acceleration time (time from the beginning of the movement until the peak velocity) and deceleration time (time from moment of peak velocity until zero velocity). The coefficient of variation for the movement amplitudes were calculated from the mean and standard deviation for each size of movement to give an indication of movement variability. Statistical analysis of the data was performed using unpaired Student's t-tests and a mixed model analysis of variance (ANOVA).
Results
A typical elbow flexion movement through an angle of 300 performed by a normal subject moving as fast as possible is illustrated in figure la. When a patient with dystonia attempted to perform a similar movement of comparable size, as fast as possible (figure lc), two major differences were evident: i) the movement of the patient was slower than the fast movement of the normal subject and ii) the duration ofthe first agonist EMG burst (Agl) subjects moving at a comparable velocity (that is, slowly).
To investigate this question we asked the normal subjects to perform a series of movements to the same 15°and 300 targets when moving at halftheir maximal speed. An example of a deliberate slow movement in a normal subject is illustrated in figure lb (the same subject shown in figure la). The duration of Agl was still shorter than that ofthe patient moving at a similar speed. Data were analysed from all subjects and patients for both 15°and 300 movements and the following comparisons were made. First, movements of normal subjects moving at their maximal speed were compared with their movements at half their maximal speed. Second, the movements ofthe patients with dystonia were compared with the slow and fast movements of normal subjects.
Normal subjects All nine normal subjects were able to perform the 150 and 30°movements with ease, whether moving at maximum speed, or about half that value. There was a tendency for the fast movements to overshoot the target distance before settling down to the final end (1 30) , and 320 (20) for the 150 and 300 tasks respectively). The 300 movements were performed at about one and a half times the speed of 150 movements (figure 2a).
Measurements of acceleration and deceleration times revealed an interesting difference between fast and slow movements. In the fast condition the acceleration time equalled the deceleration time in the 15°task and was only slightly shorter than the deceleration time in the 300 movement (table 1) . Thus these rapid movements had a roughly bell shaped velocity profile. In the slow task, especially in the 300 movement, deceleration time exceeded acceleration time by a considerable amount, indicating that subjects tended to glide into the final end position.
The duration ofthe movement was obviously longer in the slow movements. Comparison ofthe duration of fast and slow movements in the 150 and 300 tasks yielded a significant interaction term in the ANOVA (F(1,8) = 82-98, p < 0-05), indicating that the movement duration increased more between 150 and 300 movements in the slow than in the fast task (figure 2b). This was a result of the prolonged deceleration phase of the 300 slow movement. The variability of movement amplitude (expressed as coefficient of variation) was the same whether subjects moved fast or slowly (F(1,8) = 6-15, p > 0-05) (figure 2c). The duration of Agl also was the same in both movements (F(1,8) = 0-06, p > 0-05) (figure 2d).
In normal subjects the first burst of EMG activity in the agonist muscle was followed by a discrete burst of EMG activity in the antagonist muscle. Single trials ofan elbowflexion movement to a 300 target in a normal-subject (a) and apatient with dystonia (b). The top two traces show the position and velocity records while the remainder show rectified EMG recordingsfrom biceps, triceps, forearmflexors and extensors, pectoralis major and deltoid muscles. The burst duration of the agonist muscle (biceps) in the elbowflexion movement is prolonged in the patient with dystonia, and the timing ofagonist and antagonist muscle contractions is inappropriatefor the movement. Note also the prolonged activation ofpectoralis major (overflow) and cocontraction of the forearm and shoulder muscles. Rapid elbow movements in patients with torsion dystonia (figure 2a). Although the velocity of 300 movements was greater than that of 150 movements in both groups, the increment in velocity was much smaller in the patients, giving rise to a significant interaction in the ANOVA (F(l,16) = 9 04, p < 0-05). In contrast, the slow movements of the normal subjects were executed at the same speed as the fastest movements of the patients (F(l,16) = 0-34, p > 0 05) (see figure 2a) .
Acceleration and deceleration times were the same as in the slow normal group except for the 300 movement. When normals performed a slow 300 movement, the deceleration time was much longer than in the patients (table 1) . This was because when the normal group moved slowly over a long distance, they tended to glide into the final target whereas the patients did not. The result of this can be seen in the comparison of movement durations. The duration of 150 movements was the same in the patients as in the slow normal group, but in the 300 task, the patients Several patterns of antagonist EMG activity were observed. These varied from a normal appearance to cocontraction often with prolonged bursts or tonic EMG activity without recognisable bursts. The patterns of EMG activity in the forearm flexors and extensors, and in the pectoralis major and posterior deltoid muscles, also varied from relatively normal patterns, with appropriate alternating activity in these agonist-antagonist muscle pairs, to various patterns of prolonged bursts in these muscle groups. An example of a movement in a patient with arm dystonia is shown in figure 3b . Cocontraction of the agonist (biceps) and antagonist (triceps) muscles can be seen, and there abnormal activation of the pectoralis major muscle (overflow).
Among the 10 patients studied, the findings in the patient with symptomatic hemidystonia were similar to those in patients with idiopathic dystonia. One severely affected individual with generalised idiopathic torsion dystonia was unable to perform the elbow flexion task. On attempting to flex the elbow he could only produce movements of 40-60' and was unable to make movements of smaller amplitude. The 1047 accompanying EMG bursts were greatly prolonged and frequently had to be classified as tonic (see Methods), while the maximum velocity was 2320 (SD 400) per second was even slower than the other patients.
Discussion
Rapid self paced and self terminated movements at a single joint have now been studied in patients with a wide variety ofdisorders ofvoluntary and involuntary movement.'0'6 Our results extend this analysis to patients with torsion dystonia. Their elbow flexion movements differed from normal in the following ways: 1) the peak velocity was slower, 2) the extent of movement was more variable for the small, but not the large amplitude task, 3) the duration of the first burst of agonist EMG activity was prolonged even when compared with the normal group who had been purposely instructed to move slowly, at a similar speed to the patients, 4) there often was cocontraction ofthe antagonist muscle.
The movements of dystonic patients, however, were normal in one respect. The acceleration and deceleration times were approximately equal indicating that the velocity profile was bell shaped.'7 The same profile was seen in the fast movements of the normal subjects, although it became skewed towards longer deceleration times when the same normal individuals were instructed to move slowly, particularly in the 300 task. The bell shaped velocity profile of the dystonic patients indicates that despite the abnormal pattern of EMG activity, at least this aspect of the ballistic motor programme appears to remain intact. Table 2 compares the deficits in the present dystonic patients with those reported in other neurological conditions. Interestingly the movements of all groups are slower than normal, perhaps indicating that rapid movements of normal subjects are optimal and that their velocity cannot be exceeded in any pathological state. Although all groups move more slowly than normal, combinations of increased movement variability, asymmetric velocity profile and prolonged and/or cocontracting EMG activity distinguish between several of the groups. Not surprisingly, the voluntary movements of patients with dystonia appear very similar to those ofpatients with athetosis2 and patients with Huntington's disease, '4 although there is a lack of data on the velocity profiles of the latter condition. Despite the clinical differences between the involuntary sustained muscle spasms which produce relatively fixed postures in dystonia (and athetosis) and the continual flow of movement in chorea, the control of simple voluntary movements exhibits similarities in the two conditions. The motor symptoms of dystonia, athetosis and chorea are Presumably a very large descending input is needed to produce these rates and the pathology of dystonia may make this impossible; the 30-40 Hz rate for a normal fused voluntary contraction might be achieved relatively easily, but the resulting contraction would be slower.
In conclusion, these experiments have shown that rapid, self-paced and self-terminated movements of patients with dystonia are slower and more variable than normal. Deficits in the duration of the first agonist EMG burst and in control of antagonist and synergist muscles are similar to those seen in patients with Huntington's disease or athetosis. Such deficits may reflect a common contribution of the basal ganglia to the control of ballistic movements, perhaps involving the grading of EMG agonist burst size and duration and the selection and timing of appropriate agonist and antagonist muscle activity. van der Kamp, Berardelli, Rothwell, Thompson, Day, Marsden 
